Bilayer graphene has a distinctive electronic structure influenced by a complex interplay between various degrees of freedom. We probed its chemical potential using double bilayer graphene heterostructures, separated by a hexagonal boron nitride dielectric. The chemical potential has a nonlinear carrier density dependence and bears signatures of electron-electron interactions. The data allowed a direct measurement of the electric field-induced bandgap at zero magnetic field, the orbital Landau level (LL) energies, and the broken-symmetry quantum Hall state gaps at high magnetic fields. We observe spin-to-valley polarized transitions for all half-filled LLs, as well as emerging phases at filling factors n = 0 and n = T2. Furthermore, the data reveal interaction-driven negative compressibility and electron-hole asymmetry in N = 0, 1 LLs.
T he electronic structure of bilayer graphene has a bandgap and energy-momentum dispersion that can be tuned by an applied transverse electric field (1) (2) (3) (4) . In high magnetic fields, electron-electron interaction coupled with the spin and valley degrees of freedom can lead to a diverse set of quantum Hall states (QHSs) (1) (2) (3) (4) (5) (6) (7) (8) . Thermodynamic measurements of the chemical potential or the density of states are fundamental to understanding the electronic properties of bilayer graphene (9) (10) (11) (12) . The density of states of bilayer graphene extracted from compressibility data (9, 10) shows modulations associated with fourfold, spin-and valley-degenerate Landau levels (LLs), whereas local compressibility measurements in single-gated suspended bilayer graphene samples reveal broken-symmetry QHSs (11) .
Here, we studied samples consisting of two Bernal-stacked bilayer graphene separated by a thin hexagonal boron nitride (hBN) (Fig. 1A) . The samples are fabricated with a sequence of mechanical exfoliation, dry-transfer, and alignment with a preexisting device, similarly to the method described in (13, 14) . The bottom bilayer graphene is supported by a thick (30 to 50 nm) hBN substrate, mechanically exfoliated on a SiO 2 /Si substrate. A relatively thin (2 to 6 nm) hBN layer is then transferred and aligned with the bottom bilayer, followed by the top bilayer graphene transfer. Each bilayer graphene is patterned into a multiterminal Hall bar, and an etch-through of the two bilayers ensures that the Hall bar edges are aligned (Fig. 1B, inset) . The bilayer resistances are measured as a function of back-gate (V BG ) and interbilayer bias applied to the top bilayer (V TL ) by means of small-signal, low-frequency lock-in techniques. Three samples, labeled #1, #2, and #3, were investigated in this study. The bottom bilayers in all the samples have mobilities ranging between 100,000 and 290,000 cm 2 /V·s, whereas the top bilayers have lower mobilities, ranging between 3400 and 6500 cm 2 /V·s. The top (n T ) and bottom (n B ) bilayer carrier densities depend on V BG and V TL as (15) :
Here, C BG and C int represent the bottom and interbilayer dielectric capacitances, whereas m T and m B represent the chemical potentials (Fermi energies) of the top and bottom bilayers, respectively; e is the electron charge. We note that m and n are positive (negative) for electrons (holes), and V BG and V TL in Eqs. 1 and 2 are referenced with the bias values at which both bilayers are charge neutral, i.e., at the double neutrality point (DNP). The externally applied transverse electric field (E) across the bottom bilayer can be written as
where e 0 is the vacuum permittivity, n B and n T are determined by Eqs. 1 and 2, and E 0 is an additive constant that allows for a finite E-field at the DNP, associated with an unintentional doping of the top bilayer. The measured bottom bilayer density and resistance dependence on V BG and V TL (Fig. 1C) is similar to that of a dual-gated bilayer (16) (17) (18) , where the charge neutrality point has a linear dependence on V BG and V TL , with a slope controlled by C BG and C int . Along the charge neutrality line of the bottom bilayer, the resistance is minimum at E = 0 and increases with the E-field due to the E-field-induced bandgap of bilayer graphene. By comparison to the bottom bilayer, the top bilayer graphene resistance (Fig.  1B) has a weak dependence on V BG because of the screening by the bottom bilayer and is controlled primarily by V TL . Notably, setting n T = 0 in Eq. 2 yields eV TL = m B , which implies that the interbilayer bias required to bring the top bilayer to charge neutrality, marked by dashed lines in Fig. 1 , B and C, is simply the chemical potential of the bottom bilayer (Fig. 1D ) in units of eV (15) . Using Eq. 1, the n B values along the top bilayer neutrality line (dashed lines in Figs. 1, B and C) are n B ¼ C BG ⋅ ðV BG − V TL Þ=e. Consequently, the bottom bilayer chemical potential can be mapped as a function of its carrier density. Figure 2A shows the bottom bilayer chemical potential (m) versus density (n) determined as described above. The finite doping of the top bilayer at V TL = V BG = 0 V in our samples leads to a finite E-field across the bottom bilayer at the DNP: E 0 = 0.54, 0.21, and 0.46 V/nm for samples #1, #2, and #3, respectively. From Eqs. 1 to 3, it follows that E 0 ¼ C BG ⋅ DV BG =e 0 , where DV BG is the difference between the back-gate bias at the DNP and at n = 0 and E = 0 point (Fig. 1C) . The m versus n for the lowest-energy band in bilayer graphene calculated within a tight binding approximation (3) for E = 0 and E = 0.54 V/nm are included for comparison (dashed lines), using a noninteracting in-plane velocity u = 8.4 × 10 5 m/s and interlayer hopping g 1 = 0.34 eV (19) , and neglecting trigonal warping. Because of the interaction-induced renormalization of electron energies (20) , the measured |µ| values are, particularly at high densities, larger than the results of the band calculations. The nonlinear m versus n dependence indicates a strongly nonparabolic energy-momentum dispersion (3, 4) . Such a dispersion would lead to a density-dependent effective mass, as observed in (21) . This is confirmed in Fig. 2B , which shows a nonmonotonic dependence of the effective mass m* on density n, extracted from Fig At low densities, m* increases with the E-field and shows a divergence as a function of n near charge neutrality. The measured m value also shows a clear discontinuity as n changes sign, revealing a gap D (Fig. 2C ) associated with the E-fieldinduced band-gap in bilayer graphene (3, 4) . In a perpendicular magnetic field (B = 14 T), sample #1 shows clear minima of the longitudinal resistivity r xx (Fig. 3A) , indicating QHSs at all integer filling factors (n) up to |n| = 15; the n = 0 QHS is marked by a r xx maximum. The QHSs at n ≠ T4, 8, 12, … stabilized by the spin and valley degeneracy lifting induced by the interaction-enhanced Zeeman splitting (6) and the E-field, respectively, undergo transitions at finite E-field values as a result of the interplay between the LL spin and valley splitting. Specifically, the n = -1, -3, -5, -7, -9, -11 (odd filling) QHSs are absent at E = 0 and emerge as an E-field is applied. By contrast, the half fillings n = 0, -6, -10 of the spin-and valley-degenerate LLs are present at E = 0 and collapse at finite E-field values. The interplay between the spin and valley splitting explains the transitions at n = -6, -10, -14 at a finite E-field (Fig. 3A and supplementary text) . Figure 3B and fig. S3 (17, 18) . Both theory and experiment (7, 22) indicate that the insulating n = 0 QHS in Fig. 3B , the insulating r xx at n = 0 collapses at two distinct E-field values, rather than one (17, 18) , indicating two distinct transitions and the observation of an intermediate phase in between the CAF and layerpolarized phases. The data can be qualitatively understood using the tight-binding LL energy diagram (Fig. 3C) (3) . In this picture, the energies of LL with orbital index N = 0, 1 have a different dependence on the E-field, which explains the two distinct transitions at n = 0, as well as the emergence of n = T1 and T3 QHSs at a finite E-field. When electron-electron interactions are included (8) , the intermediate n = 0 QHS between the CAF and layer-polarized phases is found to be a more subtle spin-layer coherent phase, where LLs with the same N but different spin and valley degrees of freedom, e.g., solid red (orange) and dashed dark (light) blue in Fig. 3C , form coherent superpositions. In the single-particle picture, at n = 0, electrons in the N = 0, spin down, top-layer LL (solid red line in Fig. 3C ) should move to the N = 0, spin up, bottom-layer LL (dashed dark blue) at a finite E-field by changing both spin and valley orientations, while retaining the orbital index. In the many-body picture, however, electrons favor a coherent superposition of the two states at the transition between the CAF and layerpolarized phases. The n = T2 QHSs are present at E = 0, vanish at a small E-field, and then reemerge ( Fig. 3B and fig. S3 ). The n = T2 at E = 0 can be explained as layer-coherent QHSs, where the LLs with the same N and spin orientation but different layer (valley) degrees of freedom form coherent superpositions (8) .
Through the chemical potential mapping, we determine the LL energies in bilayer graphene as a function of n and B-field. Figure 4A shows the bottom bilayer r xx measured at B = 12 T, with the top bilayer charge neutrality line transposed on the contour plot (white line). Note that SCIENCE sciencemag.org the transverse E-field across the bottom bilayer at DNP is 0.54 and 0.21 V/nm for sample #1 and #2, respectively, which leads to a n = 0 QHS in the bottom bilayer that is layer polarized at the DNP (supplementary text and fig. S4 ). At each integer filling of the bottom bilayer, the top bilayer neutrality line displays an abrupt change in the V TL value, which translates into a chemical potential jump of bottom bilayer. The staircase-like dependence, particularly sharp at n = 0, -4, -8, -12, -16, testifies to a reduced LL broadening, in contrast to previous measurement in double monolayer heterostructures using metal oxide as interlayer dielectric (15) . linearly with B-field, consistent with the theoretical m ¼ ℏw c ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi N ðN − 1Þ p dependence (3); here w c = eB/m* is the cyclotron frequency. The inset of Fig. 4B shows the m* versus N dependence determined from the slope of m versus B at each LL. The increasing m* with N is similar to B = 0 T data of Fig. 2B .
The chemical potential of N = 0, 1 LLs, shown in Fig. 4A inset and Fig. 4C , reveals jumps at integer fillings n = -3, -2, -1, 0, and 2, as well as a decreasing m versus n (or n) in the proximity of the QHSs stabilized in the N = 0, 1 LLs. The decreasing m versus n dependence stems from a strong exchange interaction and translates into a negative compressibility of the electron system (23) . A similar observation has been reported in monolayer graphene (24) .
Using the chemical potential jump at integer fillings, we determine the broken-symmetry QHS gaps (D n ) at filling factors n = -3, -2, -1, 0, 2 as a function of B-field (Fig. 4D) . We note that the measured D 0 is independent of B-field, in contrast to the linear B-field dependence of D 0 observed in single-gated bilayer graphene (11, 25) . However, the data in Fig. 4D represent D 0 in the layer-polarized phase, whereas (11) and (25) probe D 0 in the CAF phase. The layer-polarized D 0 is controlled by the interaction and Zeeman splitting, as well as the E-field-induced on-site energy difference. At moderate E-fields, the competition between the single-particle splitting, which decreases with the B-field, and the º ffiffiffi B p interaction term leads to a D 0 weakly dependent on B-field and mainly controlled by the E-field (8). This explains the larger (smaller) D 0 value in sample #1 (#2), due to the larger (smaller) bottom layer E-field near the DNP.
The gaps of n = -3, -1, -2, and 2 have a linear dependence on the B-field, a trend similar to results obtained in single-gated suspended bilayer graphene (11) . Whereas theoretical considerations (6, 8) suggest a sublinear B-field dependence associated with the º ffiffiffi B p of the interaction energy, the nonlinearity is weak, particularly in the B-field range probed here. Furthermore, the brokensymmetry QHSs observed in the N = 0, 1 LLs show a marked electron-hole asymmetry. Specifically, D 2 is larger than D -2 for both samples #1 and #2, whereas D 1 and D 3 are smaller than D -1 and D -3 , respectively; D 1 and D 3 are too small to be resolved experimentally. The electron-hole asymmetry and the differences in D 2 and D -2 in the two samples with different applied E-fields (Fig. 4D ) observed experimentally are qualitatively consistent with a detailed Hartree-Fock analysis (8) of the broken-symmetry QHSs of the N = 0, 1 LLs.
